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Abstract: Glutamate signaling in prefrontal cortex and ventral tegmental
area plays an important role in the molecular and behavioral plasticity
associated with addiction to drugs of abuse. The current study investigated
the expression and postsynaptic density redistribution of glutamate receptors
and synaptic scaffolding proteins in dorsomedial and ventromedial prefrontal
cortex and ventral tegmental area after cocaine self-administration. After 14
days of extended-access (6hr/day) cocaine self-administration, rats were
exposed to one of three withdrawal regimen for 10 days. Animals either
stayed in home cages (Home), returned to self-administration boxes with the
levers withdrawn (Box), or underwent extinction training (Extinction).
Extinction training was associated with significant glutamatergic plasticity. In
dorsomedial prefrontal cortex of the Extinction group, there was an increase
in postsynaptic density GluR1, PSD95, and actin proteins; while postsynaptic
content of mGluR5 receptor protein decreased and there was no change in
NMDAR1, Homer1b/c, or PICK1 proteins. These changes were not observed in
ventromedial prefrontal cortex or ventral tegmental area. In ventral
tegmental area, Extinction training reversed the decreased postsynaptic
density NMDAR1 protein in the Home and Box withdrawal groups. These data
suggest that extinction of drug seeking is associated with selective
glutamatergic plasticity in prefrontal cortex and ventral tegmental area that
include modulation of receptor trafficking to postsynaptic density.
Keywords: AMPA, NMDA, mGluR5, Homer, PICK1, Actin, addiction,
scaffolding proteins, synaptic plasticity, postsynaptic density, abstinence,
extinction

1. Introduction
Addiction is characterized as transition from episodic drug use to
compulsive use and loss of control over drug intake (Leshner AI, 1997;
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Kalivas and Volkow, 2005; O'Brien and McLellan, 1996). A major
obstacle in treatment of addiction is the unpredictable relapse to drug
use during abstinence, often mediated by drug-associated cues
(O'Brien, 1997; Kreek and Koob, 1998). Emerging data suggest that
long-lasting plasticity in glutamatergic signaling in the brain play an
important role in drug craving and relapse (Ghasemzadeh et al.,
2009a,b; Anderson et al., 2008; Conrad et al., 2008; Self et al.,
2004). These studies have identified a brain circuit encompassing a
number of loci including prefrontal cortex, nucleus accumbens and
ventral tegmental area as pivotal anatomical substrates mediating
addiction behaviors (Thomas et al., 2008; Kalivas and McFarland,
2003; Kalivas, 2009; Ghasemzadeh et al., 2009a,b).
Prefrontal cortex, a component of the motive circuit of the brain,
has been implicated in the behavioral and molecular changes after
repeated exposure to cocaine (Steketee, 2003; McFarland and Kalivas,
2001, McFarland et al., 2004; Kalivas, 2009). The pyramidal projection
neurons of the prefrontal cortex innervate subcortical regions, such as
nucleus accumbens, amygdala and ventral tegmental area, and
provide excitatory glutamatergic neurotransmission (Brinley-Reed et
al., 1995; Sesack et al., 1989, Sesack and Pickel, 1992; Groenewegen
et al., 1990). The medial prefrontal cortex in the rat is a
heterogeneous structure that can be subdivided into dorsal and ventral
compartments based on the functional and anatomical distinctions
(Berendse et al., 1992; Heidbreder and Groenewegen, 2003). The
dorsomedial prefrontal cortex (dmPFC) consists of the cingulate cortex
area 1 and the dorsal portion of the prelimbic cortex and preferentially
innervates the dorsal striatum and nucleus accumbens core regions
(Sesack et al., 1989; Groenewegen et al., 1990; Berendse et al.,
1992). The ventromedial prefrontal cortex (vmPFC) consists of the
ventral portion of the prelimbic and the infralimbic cortex and
preferentially innervates the nucleus accumbens shell (Sesack et al.,
1989; Hurley et al., 1991; Gorelova and Yang, 1997). The mPFC is
innervated by the dopaminergic afferents from the ventral tegmental
area (VTA) with the highest innervation received in the infralimbic and
prelimbic regions (Conde et al., 1995; Lindval et al., 1978; Thierry et
al., 1973). In turn, the medial prefrontal cortex innervates the ventral
tegmental area with prelimbic cortex exhibiting a larger innervation
than cingulate or infralimbic regions (Beckstead, 1979; Sesack et al.,
1989; Hurley et al., 1991; Sesack and Pickel, 1992).
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Several studies have suggested a critical role for rat medial
prefrontal cortex in drug seeking and relapse. Furthermore, the dorsal
and ventral compartments of mPFC exert distinct regulation on drugseeking behaviors suggesting a functional dichotomy between mPFC
compartments. Injection of cocaine into prefrontal cortex is reinforcing
and reinstates cocaine-seeking behavior (Guzman et al., 2009; Park et
al., 2002). BDNF infusion into PFC reduced cocaine seeking (Berglind
et al., 2007). Inhibition of dmPFC, but not vmPFC, by GABA receptor
agonists prevented cocaine and footshock-mediated reinstatement of
drug seeking (McFarland and Kalivas, 2001; McFarland et al., 2004).
Inactivation of prelimbic cortex or dmPFC attenuates drug-taking and
drug-seeking behaviors (Capriles et al., 2003; McLaughlin and See,
2003; Di Pietro et al., 2006). Cocaine self-administration increased
dendritic branching and spine density of prefrontal cortex pyramidal
neurons (Robinson et al., 2001). Lastly, chronic exposure to cocaine is
associated with prefrontal cortex-dependent cognitive dysfunction in
preclinical models (Briand et al., 2008) as well as human addicts (Bolla
et al., 2003; Cunha et al., 2010).
Similar to other membrane bound receptors, postsynaptic
glutamate receptor signaling is partly regulated by the presence of
functional receptor on the cell membrane and receptor-mediated
intracellular signaling (Malinow and Malenka, 2002; Kennedy, 2000;
Kennedy and Ehlers, 2006; Derkach et al., 2007). Therefore,
glutamate receptor gene activation, protein synthesis, membrane
trafficking, synaptic localization, and intracellular signaling are
important candidates as possible mechanisms for cocaine-mediated
plasticity. In support of these observations, we have recently shown
that repeated non-contingent exposure to cocaine or cocaine selfadministration is associated with an extensive trafficking and
redistribution of glutamate receptors in the nucleus accumbens and
prefrontal cortex (Ghasemzadeh et al., 2009a,b,c,d). Furthermore,
neuroimaging of addicts suggest abnormalities in frontal cortical
neuronal activity during withdrawal as well as craving and drug use
(Goldstein and Volkow, 2002; Kalivas and Volkow, 2005). Two recent
report, using primary prefrontal cortex neuronal cultures, have
indicated that brief D1 dopamine receptor stimulation leads to
augmented trafficking and membrane expression of AMPA and NMDA
receptor subunits on the pyramidal neurons (Sun et al., 2005b; Gao
and Wolf, 2008). These studies suggest that plasticity in the glutamate
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receptors in the prefrontal cortex may contribute to addiction-related
behaviors. However, the nature and mechanisms of the glutamate
receptor neuroadaptations in the prefrontal cortex after repeated
exposure to cocaine is not clear. This information is critical since it
provides a framework to enhance our understanding of the role of the
glutamate signaling in addiction.
In order to identify glutamatergic plasticity associated with drug
seeking, the current study investigated the redistribution of the
glutamate receptors in the medial prefrontal cortex and ventral
tegmental area after extended-access cocaine self-administration
followed by three post self-administration withdrawal regimens
differentiated according to the level of drug-seeking behavior that they
produced. We have previously found that, depending on the post selfadministration withdrawal regimen applied, cocaine seeking varies
significantly, with high levels of cocaine seeking observed when rats
remain in their home cages (Abstinence), intermediate levels observed
when rats are exposed to the self-administration boxes in the absence
of the previously reinforced drug lever (Box), and very low levels
observed when rats undergo extinction training (Extinction)
(Ghasemzadeh et al., 2009a; 2009b). Additionally, the examination of
glutamatergic plasticity that is associated these conditions may
provide insight into alterations in glutamatergic neurotransmission in
the medial prefrontal cortex and ventral tegmental area that may
contribute to the extinction of drug-seeking behavior.
The trafficking of glutamate receptor proteins was monitored by
utilizing a biochemical subcellular fractionation procedure, which
isolates the cellular synaptosomal membrane fraction containing the
postsynaptic density (Xiao et al., 1998; Lin et al., 1998; Wyszynski et
al., 1998; Dunah and Standaert, 2001; Toda et al., 2003). This study
is the first to report on redistribution of the three subtypes of the
glutamate receptors in synaptosomal membrane fraction associated
with the postsynaptic density after withdrawal from cocaine selfadministration in prefrontal cortex and ventral tegmental area.
Furthermore, our data demonstrate that receptor redistribution is both
withdrawal- and region-dependent suggesting a unique role for
glutamate receptor signaling in drug seeking after abstinence and
extinction of drug seeking.
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2. Results
The experiments in this study investigated the expression and
postsynaptic density distribution of the glutamate receptor and their
scaffolding proteins following withdrawal from extended-access cocaine
self-administration in dmPFC, vmPFC, and VTA in male Sprague
Dawley rats. In order to identify molecular plasticity in protein
redistribution associated with extinction of drug-seeking behavior or
forced abstinence three withdrawal conditions were examined.
Following 14 days of extended-access (LgA, 1.0 mg/infusion/200 µl,
6hr/day) cocaine self-administration rats were divided into three
groups. One group was left in home cages without any further
treatment (Home). A second group of animals was brought back daily
to the self-administration boxes in the absence of levers and any
discrete cocaine-associated discriminative cues (Box, 6hr/day). The
third group of animals underwent daily extinction training (Extinction,
6hr/day). All animals were killed after 10 days of withdrawal treatment
and brain regions of interest were collected. Supplementary figure 1S
shows the PFC and VTA areas that were collected for protein analysis.

2.1. Drug seeking depends on the withdrawal
conditions
As reported previously (Ghasemzadeh, et al., 2009a), there
were no significant differences in saline or cocaine self-administration
between animals assigned to any one of the three withdrawal
regimens (Table 1, Supplementary figure 2S). After withdrawal, a 6hr
extinction session was used to measure drug seeking. During
extinction session, the experimental conditions were identical to
cocaine self-administration sessions and responding to the cocaine
lever was recorded but cocaine was replaced by saline. There was a
significant effect of withdrawal condition on subsequent drug seeking
(Home, 48.8 ± 5.2; Box, 34.4 ± 5.1; Extinction, 8.8 ± 1.6; F(2,22)=
29.916; p< 0.0001). Fisher's PLSD post hoc analysis indicated that the
drug seeking was significantly lower in Extinction rats compared to
both Home and Box rats (p < 0.0001) and significantly lower in Box
rats compared to Home rats (p = 0.026) (Supplementary figure 3S).
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2.2. Subcellular Fractionation of Proteins
The biochemical fractionation employed in this study was
adopted from Dunah and Standaert (2001) and has been described
previously in detail (Ghasemzadeh et al., 2009a,b). A schematic is
presented in Supplementary figure 1S. The efficacy of the fractionation
protocol to isolate various subcellular compartments was illustrated by
Dunah and Standaert (2001) and others (Lin et al., 1998; Wyszynski
et al., 1998; Xiao et al., 1998; Toda et al., 2003) and was reproduced
in our laboratory (Ghasemzadeh et al., 2009a,b). Synaptophysin, a
presynaptic marker protein, and two intracellular organelle proteins,
GM130, a Golgi membrane protein, and, Calnexin, an endoplasmic
reticulum protein, were reduced in the synpatosomal membrane
fraction (LP1) while being concentrated in the synaptic vesicle fraction
(LS1) (Wiedenmann and Franke, 1985; Seemann et al., 2000; Rubio
and Wenthold, 1999; Williams, 2006). All three intracellular proteins
were separated from the synaptosomal membrane fraction (LP1)
containing the postsynaptic density (PSD). In contrast, PSD95, a
scaffolding protein present at the postsynaptic density (Hunt et al.,
1996), was highly enriched in the synaptosomal membrane fraction
(LP1 vs. H, LS1). Therefore, the biochemical fractionation was able to
isolate the synaptosomal membrane fraction containing the PSD from
the presynaptic and cytosolic compartments.
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2.3. Effects of withdrawal conditions on expression and
postsynaptic density distribution of proteins
All protein measurements in cocaine self-administrating animals
were first compared to corresponding saline treated animals using
Student's t-test. In order to assess the effect of the withdrawal
treatments alone on protein levels, comparisons of saline animals were
made across withdrawal conditions in dmPFC and vmPFC. One-way
ANOVA did not reveal any differences between saline groups in either
tissue or postsynaptic density protein levels except for mGluR5 protein
as described below. Since saline groups were not different, we were
able to compare cocaine-induced changes in postsynaptic density
proteins across withdrawal treatments using one-way ANOVA.
Subsequently, differences between individual cocaine treatment
groups were examined using Fisher's PLSD post hoc test. Due to
limited amount of protein available from VTA samples, we did not
examine the effect of withdrawal treatments in saline treatment
groups. Therefore, we could not compare protein levels in cocaine
treated animals across withdrawal treatments in VTA. Representative
protein bands from dmPFC, vmPFC, and VTA regions are shown in
Supplementary Figures 6S–8S.

2.3.1. GluR1 protein
Tissue levels of GluR1 protein were not changed after any of the
withdrawal treatments in dmPFC, vmPFC, or VTA (Figure 1). The
postsynaptic density distribution of GluR1 protein was significantly
increased in dmPFC of Extinction rats (Saline 100 ± 2.7, Cocaine 110.9
± 3.8; t(17)=−2.305, p=0.034) (Figure 1). However, the cocaine
treated animals did not show any difference across withdrawal
treatments in dmPFC PSD (one-way ANOVA, F(2,28)=1.85, p=0.18).
The postsynaptic density GluR1 protein level was not changed in either
vmPFC or VTA.
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Figure 1
Tissue and postsynaptic density (synaptosomal membrane fraction) levels of GluR1
protein after cocaine self-administration and Home, Box, and Extinction treatments.
Animals self-administered cocaine for 14 days (extended-access, 6h/day) and were
exposed to Home, Box, or Extinction conditions during 12–14 days of post-SA period.
At the tissue level, GluR1 protein was not changed in any treatment group. However,
the PSD level of GluR1 protein was selectively increased in dmPFC of Extinction group.
The dotted line designates percent average saline self-administration groups. *p<0.05
compared to respective saline control.

2.3.2. NMDAR1 protein
The tissue or postsynaptic density level of NMDAR1 protein did
not change in dmPFC or vmPFC under any withdrawal conditions.
There was a near significant decrease in VTA tissue NMDAR1 protein in
Extinction animals (100 ± 5.3, Cocaine 83.4 ± 5.9; t(16)=2.076,
p=0.054). In addition, there was a near significant decrease in VTA
postsynaptic density NMDAR1 protein in Home (Saline 100 ± 8.0,
Cocaine 77.7 ± 7.6; t(18)=2.027, p=0.058) and Box groups (Saline
100 ± 16.5, Cocaine 70.4 ± 6.9; t(15)=1.727, p=0.105) (Figure 2).
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Figure 2

Tissue and postsynaptic density (synaptosomal membrane fraction) levels

of NMDAR1 protein after cocaine self-administration and Home, Box, and Extinction
treatments. See Figure 1 legend for details. At the tissue level, VTA Extinction group
showed near significant reduction in NMDAR1 protein (p=0.054), while mPFC was not
changed. The PSD NMDAR1 protein levels in VTA displayed a near significant reduction
in both Home (p=0.058) and Box (p=0.105) groups, while mPFC was not changed. +
compared to respective saline control.

2.3.3. mGluR5 and Homer Proteins
Previous reports have shown that metabotropic glutamate
receptors are present as monomer and dimer proteins in the brain
tissue and in this study we examined both forms of the receptor after
cocaine self-administration (Testa et al., 1998; Schaffhauser et al.,
2000).
The vmPFC and VTA did not show any changes in either tissue
or postsynaptic density mGluR5 protein levels in cocaine versus
corresponding saline control groups (Figure 3).
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Figure 3
Tissue and postsynaptic density (synaptosomal membrane fraction) levels of mGluR5
protein after cocaine self-administration and Home, Box, and Extinction treatments.
See Figure 1 legend for details. Since both mGluR5 monomer and dimer proteins
showed the same trend in tissue and postsynaptic density plasticity in cocaine selfadministrating animals we have only shown the data for the monomer protein. At the
tissue level, dmPFC Extinction group showed a significant reduction. Moreover, in PSD,
both Box (p=0.055) and Extinction (p=0.076) groups showed near significant
reduction in mGluR5 protein. *p<0.05 compared to respective saline control. +
compared to respective saline control.

Tissue expression of mGluR5 monomer and dimer proteins in
dmPFC were modulated after extinction from cocaine selfadministration (mGluR5m, Saline 100 ± 3.7, Cocaine 89.0 ± 3.4;
t(17)=2.183, p=0.043; mGluR5d, Saline 100 ± 5.7, Cocaine 79.7 ±
9.1; t(16)=1.889, p=0.077); however, there were no changes in
Home or Box treatment groups (Figure 3). The postsynaptic density
mGluR5 protein in dmPFC was also decreased in Extinction animals
(mGluR5m, Saline 100 ± 3.9, Cocaine 84.4 ± 7.5; t(15)=1.903,
p=0.076; mGluR5d, Saline 100 ± 11.4, Cocaine 70.5 ± 7.6;
t(17)=2.102, p=0.051). Similarly, there was a near significant
decrease in postsynaptic density mGluR5 protein in Box animals
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(mGluR5m, Saline 100 ± 2.8, Cocaine 91 ± 3.3; t(17)=2.059,
p=0.055; mGluR5d, Saline 100 ± 6.7, Cocaine 87.8 ± 7.3;
t(13)=1.234, p=0.238). Comparison of saline or cocaine treated
animals across withdrawal treatments did not show any changes in
tissue mGluR5 monomer and dimer proteins in dmPFC or vmPFC.
Comparing dmPFC PSD mGluR5 protein in saline animals, there
were significant changes in mGluR5 monomer, but not dimer, protein
(Home 100 ± 7.5, Box 124.4 ± 5.6, Extinction 97.7 ± 6.7;
F(2,22)=4.897, p=0.017). Fisher's PLSD post hoc analysis showed that
there were significant differences between Home and Box (p=0.018)
and Extinction and Box (p=0.009) but there was no difference
between the PSD mGluR5 protein in Home and Extinction saline
animals (p=0.805). Since there was no difference between Home and
Extinction groups, we compared cocaine treated groups across
withdrawal treatments. In cocaine self-administering groups, one-way
ANOVA showed a significant trend in dmPFC PSD mGluR5 monomer
and dimer proteins across withdrawal treatments (mGluR5m,
F(2,24)=2.85, p=0.077; mGluR5d, F(2,24)=2.767, p=0.083). Fisher's
PLSD post hoc analysis showed that there was a significant difference
in Extinction compared to Home animals (mGluR5m, p=0.029;
mGluR5d, p=0.030). Since both mGluR5 monomer and dimer proteins
showed the same trend in tissue and postsynaptic density plasticity in
cocaine self-administrating animals we have only shown the data for
the monomer protein in Figure 3.
Similarly, comparing vmPFC PSD mGluR5 protein in saline
animals, there were significant changes in mGluR5 monomer, but not
dimer, protein (Home 100 ± 5.5, Box 123.0 ± 7.0, Extinction 90.8 ±
7.7; F(2,22)=5.880, p=0.009; Home vs. Box, p=0.023; Extinction vs.
Box, p=0.003; Home vs. Extinction, p=0.342). However, there was no
difference in vmPFC PSD mGluR5 among cocaine treated groups
(Figure 3).
There were no changes in Homer proteins in any of the
treatment groups (Supplementary Figure 4S).
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2.3.4. PSD95 Protein
There was no change in the dmPFC tissue level of PSD95
protein. However, there was a significant increase in dmPFC
postsynaptic density level of PSD95 protein in Extinction animals
(saline 100 ± 4.4, Cocaine 121.2 ± 6.8; t(16)=−2.609, p=0.019)
(Figure 4). Comparison cocaine treated groups, there was no
difference across withdrawal treatments (F(2,27)=1.820, p=0.181).
Furthermore, there were no changes in PSD95 protein levels in vmPFC
and VTA in any treatment group.

Figure 4

Tissue and postsynaptic density (synaptosomal membrane fraction) levels

of PSD95 protein after cocaine self-administration and Home, Box, and Extinction
treatments. See Figure 1 legend for details. The tissue level of PSD95 protein was not
changed following any post-SA treatment. However, the dmPFC PSD compartment in
the Extinction group showed a significant increase in PSD95 protein. *p<0.05
compared to respective saline control.

2.3.5. Actin protein
There was no change in dmPFC tissue levels of Actin in any
treatment group compared to corresponding saline control groups.
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However, there was a decreasing trend in dmPFC tissue Actin across
cocaine treated animals which did not reach statistical significance
(F(2,23)=1.420, p=0.262). There was a significant increase in dmPFC
PSD Actin protein in Extinction animals (Saline 100 ± 6.1, Cocaine
124.6 ± 6.2; t(16)=−2.786, p=0.013). Comparing cocaine animals
across withdrawal treatments, a trend was seen in PSD Actin protein
level in dmPFC which did not reach significance (F(2,25)=2.084,
p=0.146). In addition, a significant increase was observed in vmPFC
PSD Actin protein in Box animals (Saline 100 ± 5.1, Cocaine 126.6 ±
7.9; t(16)=−2.661, p=0.017) (Figure 5). Moreover, there was a
significant effect of withdrawal treatment in vmPFC PSD actin protein
level (F(2,26)=4.354, p=0.023). Fisher's PLSD post hoc analysis
showed a significant difference between Box and Home (p=0.0085)
and between Extinction and Home groups (p=0.0431).

Figure 5

Tissue and postsynaptic density (synaptosomal membrane fraction) levels

of Actin protein after cocaine self-administration and Home, Box, and Extinction
treatments. See Figure 1 legend for details. The tissue Actin protein was not changed
following any post-SA treatment. However, dmPFC Extinction and vmPFC Box groups
showed a significant increase in PSD Actin protein. Comparing cocaine selfadministration groups across post-SA conditions, Actin levels were significantly higher
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in vmPFC Box and Extinction groups compared to Home group. *p<0.05 compared to
respective saline control. #p<0.05 compared to Home cocaine group.

There was no change in tissue or postsynaptic density Actin
protein levels in VTA under any withdrawal treatments.

2.3.6. PICK1 protein
There were significant increases in vmPFC tissue (Saline 100 ±
3.3, Cocaine 112.6 ± 4.3; t(18)=−2.226, p= 0.039) and PSD (Saline
100 ± 5.6, Cocaine 118.6 ± 5.9, t(18)=−2.235, p=0.038) PICK1
protein levels in Box animals (Supplementary Figure 5S). In cocaine
self-administering groups, tissue PICK1 levels were near significantly
affected (F(2,28)=3.225, p=0.055) in vmPFC and post hoc analysis
showed that there was a significant increase in Box compared to Home
animals (p=0.0182). The PSD level of PICK1 protein in vmPFC was
significantly affected in cocaine treated animals across withdrawal
treatments (F(2,26)=3.534, p=0.044). Fisher's PLSD post hoc analysis
indicated that there was a significant increase in Box compared to
Home groups (p=0.015). The PICK1 protein levels in dmPFC and VTA
were not affected in any treatment groups (Supplementary Figure 5S).

3. Discussion
In this study, we investigated the expression and postsynaptic
density (PSD) distribution of glutamate receptors in mPFC and VTA
following three distinct withdrawal regimens after two weeks of
extended-access cocaine self-administration. Recent studies indicate
that mPFC and VTA play pivotal roles in drug reinforcement and
seeking and that glutamatergic neurotransmission is an integral part of
their contributions to these effects (Kalivas, 2008; Rebec and Sun,
2005; Van den Oever, et al., 2010; Wise, 2009). Of the regions
examined, only the dmPFC displayed significant plasticity in glutamate
receptors. Amongst withdrawal regimens, extinction training was
associated with most plasticity in glutamate receptor expression and
redistribution in postsynaptic density, which was associated with
extinguished drug-seeking behavior. Home animals which experienced
10 days of forced-abstinence following cocaine self-administration
displayed the least amount of change in glutamate receptor expression
or trafficking while displaying the highest level of drug-seeking
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behavior. The data suggest that extinction of drug-seeking behavior is
associated with receptor- and region-specific alterations in
glutamatergic signaling in mPFC and VTA. Furthermore, region-specific
alterations suggest a dichotomy between dorsal versus ventral medial
prefrontal cortex regarding drug seeking and extinction. Overall, the
results of this study and others support the hypothesis that
glutamatergic plasticity is a key factor associated with alteration of
established drug taking and seeking-behaviors.

Plasticity in glutamate receptors in medial prefrontal
cortex
The glutamatergic plasticity in dmPFC was specifically associated
with the extinction of drug-seek behavior since Home animals did not
show any changes in glutamatergic proteins in tissue or PSD
compartment. The lack of change in the glutamatergic protein
expression in Home group is in agreement with previous studies
showing a lack of change in NMDA receptor binding, or NMDAR1,
NMDAR2A, mGluR1, mGluR5, Homer1b/c, Homer2a/b mRNA or protein
levels in dmPFC after 14 days of Home treatment (Tang et al., 2004;
Ben-Shahar et al., 2007, 2009; Freeman et al., 2008). However, an
increase in tissue NMDAR2B protein has been shown after 14 days of
Home treatment (Tang et al., 2004; Ben-Shahar et al., 2009). There
was a decrease in postsynaptic density mGluR5 protein in Box group;
however, these animals also experienced partial extinction of drug
seeking. The AMPA receptor subunit GluR1 and associated
postsynaptic scaffolding proteins PSD95 and actin showed a significant
redistribution into the postsynaptic density after extinction training;
while tissue GluR1 protein was not changed in agreement with recent
studies (Tang et al., 2004; Hemby et al., 2005). In contrast, in
Extinction animals, NMDA receptor subunit NMDAR1 was not changed
and mGluR5 receptor was reduced in postsynaptic density. It is
interesting to note that the three subtypes of glutamate receptors
examined in these studies showed unique pattern of plasticity in
dmPFC after extinction of drug seeking suggesting receptor-specific
role in extinction of drug seeking. A functional role for the increase in
PSD level of GluR1 protein is supported by simultaneous increases in
PSD95 and actin proteins. The PSD95 protein is found in the
postsynaptic density and regulates membrane insertion of AMPA
[Citation: Journal/Monograph Title, Vol. XX, No. X (yyyy): pg. XX-XX. DOI. This article is © [Publisher’s Name] and
permission has been granted for this version to appear in e-Publications@Marquette. [Publisher] does not grant
permission for this article to be further copied/distributed or hosted elsewhere without the express permission from
[Publisher].]

16

NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be
accessed by following the link in the citation at the bottom of the page.

receptors, as well as their interactions with the postsynaptic density
(Hunt et al., 1996; Tu et al., 1999; Schnell at al., 2002; El-Husseini et
al., 2000). Actin is also involved in regulation of AMPA receptor
synaptic insertion, removal, and intracellular recycling of the receptor
(Allison et al., 1998; Kim and Lisman, 1999; Shen et al., 2000).
Recent studies suggest that, one day after extended-access cocaine
self-administration, the dmPFC tissue level of AMPA receptor subunits
GluR2/3 and GluR4 decrease while GluR1 is not changed. However,
after 14 days of abstinence, while GluR1 level is not changed, GluR2/3
is normalized and GluR4 is significantly increased (Tank et al., 2004;
Hemby et al., 2005). Therefore, while cocaine reinforcing effects may
be associated with the prominent presence of GluR1 containing AMPA
receptors in dmPFC, abstinence from cocaine self-administration may
be associated with increased presence of GluR2/3/4 subunits in GluR1
containing receptors. In contrast, GluR1 plasticity in dmPFC is
selectively associated with extinction learning. In support, learning
tasks lead to increased synaptic GluR1 protein and manipulations that
enhance learning augment synaptic GluR1 levels (Chen et al., 2011;
Whitlock et al., 2006; Slipczuk et al., 2009). Furthermore, GluR1 KO
mice show diminished learning during extinction training (Mead et al.,
2007).
The metabotropic glutamate receptor mGluR5 showed decreases
in both tissue and postsynaptic density compartment suggesting an
overall decrease in mGluR5 receptor function in dmPFC of Extinction
animals. A role for decreased mGluR5 receptor signaling after
extinction of drug seeking is supported by studies showing that
mGluR5 receptor antagonists or mGluR5 receptor knock down reduce
relapse to cocaine seeking (Kumaresan et al., 2009; Backstrom and
Hyytia, 2006; Martin-Fardon et al., 2009; Novak et al., 2010). In
addition, mGluR5 knockout mice do not self-administer cocaine
suggesting a pivotal role for mGluR5 in reinforcing effects of cocaine
(Chiamulera et al., 2001). Further, positive allosteric modulators of
mGluR5 receptor facilitate extinction of cocaine conditioned
preference, which may be due to receptor desensitization following
repeated activation (Gass and Olive, 2009; Dhami and Ferguson,
2006; Ribeiro et al., 2009; Cleva et al., 2011). Interestingly, PSD
mGluR5 protein in nucleus accumbens is also reduced after extinction
of cocaine self-administration, which along with a reduced tone on
mGluR5 receptors may be responsible for diminished capacity to
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induce LTD in nucleus accumbens (Martin et al., 2006; Ghasemzadeh
et al., 2009a; Moussawi et al., 2009; Kalivas, 2009). Taken together,
these data suggest that mGluR5 decrease in dmPFC PSD after
extinction training is a compensatory plasticity contributing to reduce
cocaine seeking.
Our data indicate a concurrent reduction in mGluR5 and an
increase in GluR1 proteins in dmPFC (this study) and NAshell PSD
(Ghasemzadeh et al., 2009a) in extinction animals. These observations
suggest a functional relationship between the two glutamate receptor
subtypes in mediating plasticity which may have relevance to drug
seeking. In support, activation of mGluR5 signaling leads to GluR1
internalization in vitro an in vivo (Zhang et al., 2008). For example,
mGluR5-mediated LTD is associated with GluR1 endocytosis (Gladding
et al., 2009). Recent studies have indicated that repeated noncontingent cocaine administration or cocaine self-administration leads
to disruption of mGluR5-dependent LTD in nucleus accumbens, which
may lead to an increase in synaptic insertion of GluR1 protein (Martin
et al., 2006; Kalivas, 2009; Moussawi et al., 2009, 2011). Akin to
nucleus accumbens, dmPFC expresses mGuR5-dependent LTD upon
low frequency stimulation (Lafourcade et al., 2007; Otani et al., 1999).
Therefore, it is tempting to hypothesize that extinction of cocaine selfadministration leads to decreased synaptic mGluR5 and disruption of
LTD in dmPFC resulting in increased trafficking of GluR1 protein to
postsynaptic density compartment.
There were few changes in glutamatergic proteins in vmPFC.
The tissue NMDAR1 subunit protein in vmPFC of Home animals showed
a decreasing trend that did not reach significance (p=0.098).
Surprisingly, there were significant increases in tissue and
synaptosomal level of PICK1 protein in vmPFC of Box animals. This
was the only change in PICK1 protein that was observed in PFC and
VTA in this study. Box animals are exposed to a new condition during
withdrawal period where contextual cues (self-administration box) are
present in the absence of discrete cues (levers are withdrawn);
therefore, the changes in PICK1 protein may represent the plasticity
associated with learning in this new environment. It is interesting to
note that plasticity in nucleus accumbens PICK1 proteins was also
associated with the Box withdrawal regimen (Ghasemzadeh et al.,
2009a).
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Actin protein was increased in vmPFC PSD of Box and in dmPFC
PSD of Extinction animals, as mentioned above. Furthermore, we have
previously shown that actin protein is significantly increased in the
dorsolateral striatum PSD of Extinction animals (Ghasemzadeh et al.,
2009b). An increase in actin protein in the synaptosomal fraction or
dendritic spines has been associated with enlarged synapse and spine
size (Lisman, 2003) and has been documented after repeated
exposure to cocaine (Toda et al., 2006). Furthermore, synaptic actin is
associated with trafficking and synaptic localization of GluR1 protein
and LTP (Lisman, 2003). These observations are in general agreement
with our data indicating that increased PSD actin may be associated
with increased synaptic GluR1 protein and increased spine density
observed after cocaine self-administration (Robinson et al., 2001).
Recent studies indicate that chronic exposure to cocaine leads to
diminished cortical activity, frontal cortical glucose metabolism, gray
matter density, and cognitive decline in both human addicts and
animal models of addiction (London et al., 1999; Volkow and Fowler,
2000; Franklin et al., 2002; Matochik et al., 2003; Bolla et al., 2003;
Briand et al., 2008; George et al., 2008; Beveridge et al., 2006). An
increase in AMPA receptor function suggested by increased trafficking
of GluR1 and associated synaptic proteins to postsynaptic density in
prefrontal cortex and nucleus accumbens observed with extinction
training may lead to an increase in cortical and accumbal excitatory
neurotransmission alleviating drug-seeking behaviors (Sutton et al.,
2003; Ghasemzadeh et al., 2009a). In support, synaptic GluR1 is
associated with extinction learning and GluR1 knockout mice show
more persistent drug seeking (Chen et al., 2011; Mead et al., 2007;
Whitlock et al., 2006; Slipczuk et al., 2009). Moreover, inactivation of
or synaptic depression in vmPFC reinstates drug seeking after
extinction and blockade of mGluR5 receptors reduce drug-seeking
reinstatement (Peters et al., 2008; Kumaresan et al., 2009; Van den
Oever et al., 2008). Thus, the increased PSD GluR1 in prefrontal
cortex and nucleus accumbens concurrent with decreased mGluR5 in
both nuclei following extinction of drug seeking may be compensatory
plasticity in the glutamatergic signaling to resist addiction through
reduced drug seeking and increased cognition.
Lastly, differential plasticity in glutamatergic proteins in dorsal
versus ventral mPFC mirrors their distinct functional roles in drug
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seeking. Whereas dorsal compartment is implicated in promotion of
drug-seeking behavior, ventral region plays a pivotal role in inhibition
of drug seeking (Lasseter et al., 2010; Van den Oever, et al., 2010;
Peters et al., 2008, 2009). Therefore, distinct glutamatergic plasticity
in each compartment may contribute to respective functional roles.

Glutamate receptor plasticity in ventral tegmental area
VTA plays an important role in drug seeking behavior (Wise,
2009). Blockade of dopamine or glutamate receptors in VTA reduces
drug-seeking behavior (Sun et al., 2005a). In agreement with a recent
study showing diminished NMDA receptor EPSC in VTA neurons after
cocaine treatment (Mameli et al., 2011), the VTA displayed a decrease
in NMDAR1 protein that was observed across all three withdrawal
regimen. While Home and Box groups displayed a decrease in PSD
NMDAR1 protein, the Extinction group showed a decrease in tissue
level of NMDAR1 protein without a change in PSD protein. Therefore, it
seems that Extinction treatment reversed Home and Box induced
decrease in PSD NMDAR1 protein while a decrease in tissue level of
NMDAR1 proteins emerged. The decrease in PSD NMDAR1 protein in
Home and Box groups may be a compensatory plasticity to regulate
drug seeking since the blockade of glutamate receptors in VTA reduce
cocaine-primed drug seeking (Sun et al., 2005a). Likewise, the PSD
NMDAR1 protein normalized once drug seeking has been extinguished.
There was no change in other proteins examined in VTA in any
withdrawal treatment groups. In support of our VTA data, other
studies using similar cocaine self-administration and Home withdrawal
conditions have shown no changes in NMDA receptor binding, NMDAR1
tissue protein, tissue and membrane GluR1 protein, or tissue levels of
mGluR5 and Homer1b/c proteins (Tang et al., 2004; Ben-Shahar et
al., 2007, 2009; Conrad et al., 2008). However, one study has shown
an increase in VTA tissue NMDAR1 protein up to 90 days after cocaine
self-administration (Lu et al., 2003).
In summary, our data indicate that there are withdrawal-,
receptor- and region-specific plasticity in glutamategic proteins in
prefrontal cortex and ventral tegmental area, which suggest that
significant alterations in glutamatergic signaling underlie the
behavioral adaptations and cognitive deficits associated with drug
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addiction. Combined with glutamatergic plasticity reported in nucleus
accumbens, these data suggest that addiction-related behaviors are
associated with a complex pattern of plasticity in excitatory signaling
in the brain, which await further characterization (Sutton et al., 2003;
Conrad et al., 2008; Anderson et al., 2008; Ghasemzadeh et al.,
2009a,b).

4. Materials and Methods
4.1. Subjects
Seventy-five adult male Sprague-Dawley rats (Harlan
Laboratories, Inc., St. Louis, MO), approximately 90 days old (325 g)
were used for the study. Rats were housed individually in a
temperature- and humidity-controlled, AAALAC-accredited animal
facility under a 12h/12h reversed light/dark cycle (lights on at 18:00)
and had access to food at all times, except when in the experimental
chambers. Water was available at all times during the study, including
in the experimental chambers. All procedures were carried out in
accordance with the Guide for the Care and Use of Laboratory Animals
as adopted and promulgated by the NIH.

4.2. Cocaine Self-Administration Training
The catheterization surgery and self-administration training
have been described in detail previously (Ghasemzadeh et al., 2009a);
a detailed description of materials and methods is included as
supplementary information. Briefly, rats were implanted with chronic
indwelling catheters into the jugular vein. The guide cannula was
located on the animal’s back where it permitted connection of a
polyethylene delivery line. Rats were allowed to recover for at least
three days prior to self-administration training. Twenty operant
conditioning chambers encased in sound attenuating cubicles (MedAssociates Inc., St Albans, VT) were used. Rats were trained to selfadminister cocaine (1.0 mg/kg/inf, 200 µl, 5 seconds, iv, NIDA,
Bethesda, MD) or provided access to saline solution by pressing a lever
under a FR1 schedule during daily 2-h sessions. Once a stable
response pattern was observed during the 2-h sessions, the duration
of daily cocaine/saline access was increased to 6 hrs which continued
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for 14 days prior to exposure to home cage (Home), SA box (Box), or
extinction (Ext) conditions after self-administration period.

4.3. Withdrawal conditions following cocaine selfadministration (Post-SA)
Cocaine and saline self-administration rats were exposed to one
of three conditions (Home, Box, Extinction) during post-SA period. For
Extinction rats, the cocaine solution was replaced with saline for 10
consecutive 6-h extinction sessions conducted over a 12–14 day
period. Aside from saline rather than cocaine availability, these
sessions were otherwise identical to the self-administration sessions.
Saline Extinction rats continued to have access to saline during these
ten sessions. For the other two conditions rats did not undergo
extinction during the Post-SA period, but rather remained in their
home cages (Home rats, 10 days) or were introduced into the selfadministration boxes for 6 hr each day with the levers retracted and
stimulus lights extinguished (Box rats, 10 days).

4.4. Cocaine-seeking behavior
Cocaine-seeking behavior was recorded in six Home rats, eight
Box rats, and ten Extinction rats. For the Home and Box rats, cocaine
seeking was measured during a 6-h session within which lever
pressing resulted in saline infusions conducted after a 12–14 day postSA period during which they remained in their home cages (Home
rats) or were introduced into the SA boxes for six hrs each day with
the levers retracted and stimulus lights extinguished (Box rats). For
Extinction rats, data collected during the final 6-h extinction session
(i.e., extinction day 10) were used for comparison. The Home and Box
rats in which cocaine seeking was measured were not used for protein
determination.

4.5. Anatomical dissection and Biochemical Subcellular
Fractionation
At the end of the post-SA period, Home, Box, and Extinction
rats were decapitated, brains quickly removed, areas of interest
dissected, immediately frozen on dry ice, and stored at −80 °C. The
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medial prefrontal cortex (mPFC) was blocked between plates 6 and 11
(Bregma 5.16–3.00 mm) (paxinos and Watson, 2005). The dorsal and
ventral PFC border was set at the middle of prelimbic cortex based on
previous anatomical and functional studies (Heidbreder and
Groenewegen, 2003) and was hand dissected. The ventral tegmental
area was blocked between plates 77–85 (Bregma −5.28–6.24 mm)
and was hand dissected (Supplementary figure 1). The membrane
preparation and biochemical fractionation were based on methods by
Dunah and Standaert (2001) and Toda et al, (2003) and has been
described in detail previously (Ghasemzadeh et al., 2009a). A
schematic of the membrane purification procedure, adopted from
Dunah and Standaert (2001), is presented in Supplementary figure 1.

4.6. Western Blot Analysis
Two independent protein analyses were performed. In the first
analysis, all saline-treated animals (n=10 per post-SA treatment
group) were compared across post-SA conditions. This was done to
identify any effects of post-SA conditions that were independent of
cocaine exposure. The second analysis compared cocaine-treated
animals to their corresponding saline control group for each post-SA
treatment (i.e., the mean percent change resulting from cocaine selfadministration was determined based on values for saline samples on
the same gel). Due to the large number of samples, each of the three
comparisons (10 saline and 10 cocaine for each post-SA treatment)
was done separately.
Western Blot procedures have been described in detail
previously (Ghasemzadeh et al., 2009a; Ghasemzadeh et al., 2003).
Protein samples (6 µg/lane) were resolved by SDS-PAGE and
transferred to a polyvinyldine fluoride (PVDF) membrane. Membranes
were blocked for 2 hrs at room temperature and incubated with
commercially obtained primary antibody overnight at 4 °C, washed
and incubated with HRP-conjugated secondary antibody for 90 minutes
at room temperature. Membranes were washed and immunolabeling
was visualized with enhanced chemiluminescence (ECL method) using
a Kodak Image Station 4000MM. Band density was measured using
Kodak Molecular Imaging Software v4.0. The following primary
antibodies were used in this study: mouse NMDAR1 (Millipore, Cat. #
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05–432, 1:3000 dilution), rabbit GluR1 (Millipore, Cat. # 07–660,
1:10,000 dilution), rabbit mGluR5 (Millipore, Cat. # 06–451, 1:10,000
dilution), mouse PSD95 (Antibodies Inc., Cat. # 75-028, 1:10,000
dilution), mouse PICK1 (Antibodies Inc., Cat. # 75-040, 1:3000
dilution), rabbit Homer1b/c (Santa Cruz Biotech, Cat. # sc-20807,
1:3000 dilution), goat Actin (Santa Cruz Biotech, Cat. # sc-1615,
1:10,000). The following HRP-conjugated secondary antibodies were
used: goat anti-rabbit IgG (Millipore, Cat. # 12–348, 1:20,000
dilution), goat anti-mouse IgG (Millipore, Cat. # 12–349, 1:20,000
dilution).

4.7. Statistics
The self-administration data (infusions/session) were evaluated
using two-way ANOVA with repeated measures over sessions.
Responding on test day (infusions/session) was compared using oneway ANOVA comparing the three post-SA treatment groups. In both
cases, differences between groups were determined using post hoc
Fisher's PLSD. For analysis of cocaine self-administration induced
alterations in protein levels under each of the three post-SA
conditions, immunoreactivity of protein samples from cocaine and
saline rats was normalized as percent change relative to the respective
mean saline control values for samples on the same gel. Normalized
saline and cocaine values were then compared separately for each
post-SA condition using Student’s t-tests. To permit comparison of
cocaine-induced changes across post-SA treatment conditions, saline
self-administration effects on protein levels determined from a
separate protein analysis were initially compared across post-SA
conditions using one-way ANOVA followed by the Fisher’s PLSD test to
identify any effects of post-SA conditions that were independent of
cocaine exposure. For this analysis saline self-administration induced
protein alterations under each of the post-SA conditions were
normalized as percent change relative to the respective mean Home
sample saline values determined from the same gel. In cases where
there were no differences following saline exposure across post-SA
conditions, percent changes in protein following cocaine selfadministration were compared across post-SA conditions using oneway ANOVA, followed by post-hoc testing using the Fisher’s PLSD test.
Statistical significance was set at p < 0.05.
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Highlights






We examined glutamate receptor plasticity in extended-access cocaine
self-administration (SA) animal model of addiction.
Following cocaine self-administration, animals either stayed in home
cages (abstinence) or lever pressing was extinguished.
The postsynaptic density (PSD) NMDAR1 protein in VTA was decreased
after abstinence but not extinction.
An increase in PSD GluR1, PSD95, Actin and a decrease in mGluR5
receptor proteins were observed following extinction of SA.
The glutamate receptor plasticity in PFC and VTA was region- and
withdrawal-dependent.
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Supplementary Material
01
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4000163/bin/NIHMS32
0629-supplement-01.pdf (98K, pdf)
Subjects
Seventy-five adult male Sprague-Dawley rats (Harlan Laboratories, Inc., St.
Louis, MO), approximately 90 days old (325 g) were used for the study. Rats
were housed individually in a temperature- and humidity-controlled, AAALACaccredited animal facility under a 12h/12h reversed light/dark cycle (lights on
at 6:00 pm) and had access to food at all times, except when in the
experimental chambers. Water was available at all times during the study,
including in the experimental chambers. All procedures were carried out in
accordance with the Guide for the Care and Use of Laboratory Animals as
adopted and promulgated by the NIH.
Catheterization surgery
Rats were implanted with chronic indwelling catheters under ketamine HCl
(100 mg/kg, ip, Fort Dodge Animal Health, Fort Dodge, IA) and xylazine (2
mg/kg, ip, Lloyd Laboratories, Shenandoah, IA) anesthesia. A silicon tubing
catheter (Silastic®; Dow Corning Co., Midland, MI; 0.64 mm i.d.; 1.19 mm
o.d.) was inserted into the right posterior facial vein and down into the
jugular vein so that it terminated at the right atrium. The catheter was
sutured to the vein and continued subcutaneously to the animal’s back where
it exited 2 cm posterior to the scapula via a back-mounted 22-gauge guide
cannula (Plastics One Inc., Roanoke, VA) attached using dental acrylic to a
piece of polypropylene monofilament surgical mesh (Atrium Medical, Co.,
Hudson, NH) to permit connection of a polyethylene delivery line (0.58 mm
i.d. x 1.27 mm o.d.; Plastics One Inc., Roanoke, VA) encased in a stainless
steel spring leash (Plastics One). The delivery line was connected to a 30-ml
syringe in a motor-driven pump (Razel, Stamford, CT) via a leakproof fluid
swivel (Instech Lab. Inc., Plymouth Meeting, PA) suspended above the
chamber to allow drug delivery. The swivel and leash assembly was counterbalanced to permit relatively unrestrained movement. Rats were allowed to
recover for at least three days prior to SA testing during which time they were
provided acetaminophen (480 mg/L) in their drinking water. After
implantation, rats were injected with a sterile cefazolin antibiotic solution (15
mg, iv; West-Ward Pharmaceutical Co., Eatontown, NJ) each day. Catheters
were filled daily with a heparin solution (83 i.u./ml) and capped whenever the
leash/delivery line assembly was disconnected.
Self-administration apparatus
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Twenty operant conditioning chambers encased in sound attenuating cubicles
(Med-Associates Inc., St Albans, VT) were used. One retractable lever and
stimulus light were mounted on the front wall of the chamber. A second lever
and light were located on the back wall. Exhaust fans in the cabinets provided
ventilation and white noise to mask extraneous sound.

Self-administration training and testing
Following recovery from surgery, rats were trained to self-administer cocaine
(1.0 mg/kg/inf, iv, NIDA, Bethesda, MD) or provided access to saline solution
by pressing a lever under a FR1 schedule during daily 2-h sessions, within
which the active (i.e., front) lever was extended into the chamber and the
corresponding stimulus light was illuminated. Pressing the lever resulted in an
iv infusion of drug or saline solution (200μl over 5 s) followed by a 25-s timeout period during which the stimulus light was extinguished but the lever
remained extended. Responding on a second, inactive (i.e., back) lever was
recorded but had no programmed consequences. Once a stable response
pattern was observed during the 2-h sessions (total responding < 10%
variation from the mean over 3 consecutive sessions), rats were ready for SA
testing. During SA testing, the duration of daily cocaine/saline access was
increased to 6 hrs. Rats were permitted to self-administer under these
conditions for 14 days prior to exposure to extinction (Ext), homecage
(Home), or SA box (Box) conditions after self-administration period.
Withdrawal conditions following cocaine self-administration (PostSA)
Cocaine and saline SA rats were exposed to one of three conditions during
post-SA (Extinction, Home, Box). For Extinction rats, the cocaine solution was
replaced with saline for ten consecutive 6-h extinction sessions conducted
over a 12-14 day period. Aside from saline rather than cocaine availability,
these sessions were otherwise identical to the SA sessions. Saline Extinction
rats continued to have access to saline during these ten sessions. For the
other two conditions rats did not undergo extinction during the 12-14 day
post-SA period, but rather remained in their home cages (Home rats) or were
introduced into the SA boxes for six hours each day with the levers retracted
and stimulus lights extinguished (Box rats).
Cocaine-seeking behavior
Cocaine-seeking behavior was recorded in six Home rats, eight Box rats, and
ten Extinction rats. For the Home and Box rats, cocaine seeking was
measured during a 6-h session within which lever pressing resulted in saline
infusions conducted after a 12-14 day post-SA period during which they
remained in their home cages (Home rats) or were introduced into the SA
boxes for six hrs each day with the levers retracted and stimulus lights
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extinguished (Box rats). For Extinction rats, data collected during the final 6-h
extinction session (i.e., extinction day 10) were used for comparison. The
Home and Box rats in which cocaine seeking was measured were not used for
protein determination.

Anatomical dissection and biochemical subcellular fractionation
At the end of the post-SA period, Home, Box, and Extinction rats were
decapitated and brains quickly removed from the skull and placed in ice-cold
saline for one minute. The tissue was blocked and coronal slices containing
areas of interest were cut using a rat brain matrix (ASI, Warren, MI). The
medial prefrontal cortex (mPFC) was blocked between plates 6 and 11
(Bregma 5.16-3.00 mm) (paxinos and Watson, 2005). The dorsal and ventral
PFC border was set at the middle of prelimbic cortex based on previous
anatomical and functional studies (Heidbreder and Groenewegen, 2003) and
was hand dissected. The ventral tegmental area was blocked between plates
77-85 (Bregma -5.28-6.24 mm) and was hand dissected. All tissue samples
were immediately frozen on dry ice and stored at -80 °C. The membrane
preparation and biochemical fractionation were based on methods by Dunah
and Standaert (2001) and Toda et al, (2003). A schematic of the membrane
purification procedure, adopted from Dunah and Standaert (2001), is
presented in Supplementary figure 1. The tissue was homogenized in ice-cold
TEVP buffer containing (in mM) 10 Tris-HCl, pH 7.4, 5 NaF, 1 Na3VO4, 1
EDTA, 1 EGTA, 320 sucrose, using a Dounce glass homogenizer. An aliquot of
the whole tissue Dounce homogenate (H fraction) was collected, and the
remainder was centrifuged at 1000 g to remove nuclei and large debris (P1).
The supernatant (S1) was centrifuged at 10,000 g to obtain a crude
synaptosomal fraction (P2) and subsequently was lysed hypo-osmotically for
30 min at 4 °C and centrifuged at 25,000 g to pellet a synaptosomal
membrane fraction (LP1), which is enriched in postsynaptic density. All
centrifugations were carried out at 4 °C. LP1 pellets were resuspended in
TEVP. The H and LP1 fractions were solubilized with the addition of SDS to
1% (v/v) and used for protein concentration measurement and Western Blot
Analysis. All fractions were saved and stored at -80°C.
Western blot analysis
Two independent protein analyses were performed. In the first analysis, all
saline-treated animals (n=10 per post-SA treatment group) were compared
across post-SA conditions (i.e., 8 saline samples from Post-SA treatment
conditions (2-3 samples from each Post-SA treatment) were loaded onto each
gel and the mean percent changes compared to Home samples on the same
gel were determined). This was done to identify any effects of post-SA
conditions that were independent of cocaine exposure. The second analysis
compared cocaine-treated animals (n=10) to their corresponding saline
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control group (n=10) for each post-SA treatment (i.e., 3-4 samples each from
saline and cocaine treated animals were loaded onto each gel and the mean
percent change resulting from cocaine self-administration was determined
based on values for saline samples on the same gel). Due to the large
number of samples, each of the three comparisons (10 saline and 10 cocaine
for each post-SA treatment) was done separately. Protein concentration was
determined by the Lowry based DC protein assay (Bio-Rad, Hercules, CA).
Protein samples were resolved by SDS-PAGE according to the method
described by Ghasemzadeh et al., 2003. Briefly, proteins were transferred
from the gel to a polyvinyldine fluoride (PVDF) membrane using a semi-dry
transfer apparatus (Bio-Rad, Hercules, CA). Membranes were blocked for 2
hour at room temperature (Tris-buffered saline containing 3% non-fat dry
milk) and incubated with commercially obtained primary antibody in antibody
buffer (blocking buffer containing Tween-20, 50 μl/100 ml) overnight at 4 °C,
washed with antibody buffer, and incubated with HRP-conjugated secondary
antibody for 90 minutes at room temperature. Membranes were washed and
immunolabeling was visualized with enhanced chemiluminescence (ECL
method). Chemiluminescent images were captured using a Kodak
Image Station 4000MM. Band density was measured using Kodak Molecular
Imaging Software v4.0. Commercially available antibodies were used to probe
for the presence of proteins. The following primary antibodies were used in
this study: mouse NMDAR1 (Millipore, Cat. # 05-432, 1:3000 dilution), rabbit
GluR1 (Millipore, Cat. # 07-660, 1:10,000 dilution), rabbit mGluR5 (Millipore,
Cat. # 06-451, 1:10,000 dilution), mouse PSD95 (Antibodies Inc., Cat. # 75028, 1:10,000 dilution), mouse PICK1 (Antibodies Inc., Cat. # 75-040,
1:3000 dilution), rabbit Homer1b/c (Santa Cruz Biotech, Cat. # sc-20807,
1:3000 dilution), goat Actin (Santa Cruz Biotech, Cat. # sc-1615, 1:10,000).
The following HRP-conjugated secondary antibodies were used: goat antirabbit IgG (Millipore, Cat. # 12-348, 1:20,000 dilution), goat anti-mouse IgG
(Millipore, Cat. # 12-349, 1:20,000 dilution).

Statistics
The self-administration data (infusions/session) were evaluated using twoway ANOVA with repeated measures over sessions. Responding on test day
(infusions/session) was compared using one-way ANOVA comparing the three
post-SA treatment groups. In both cases, differences between groups were
determined using post hoc Fisher's PLSD. For analysis of cocaine selfadministration induced alterations in protein levels under each of the three
post-SA conditions, immunoreactivity of protein samples from cocaine and
saline rats was normalized as percent change relative to the respective mean
saline control values for samples on the same gel. Normalized saline and
cocaine values were then compared separately for each post-SA condition
using Student’s t-tests. To permit comparison of cocaine-induced changes
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across post-SA treatment conditions, saline self-administration effects on
protein levels determined from a separate protein analysis were initially
compared across post-SA conditions using one-way ANOVA followed by the
Fisher’s PLSD test to identify any effects of post-SA conditions that were
independent of cocaine exposure. For this analysis saline self-administration
induced protein alterations under each of the post-SA conditions were
normalized as percent change relative to the respective mean Home sample
saline values determined from the same gel. In cases where there were no
differences following saline exposure across post-SA conditions, percent
changes in protein following cocaine self-administration were compared
across post-SA conditions using one-way ANOVA, followed by post-hoc testing
using the Fisher’s PLSD test.
Statistical significance was set at p < 0.05.
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Supplementary Figure Legends
Figure 1S. Subcellular fractionation analysis. Panel A shows the dissection of
the medial prefrontal cortex (dorsal and ventral) and ventral tegmental area.
The numbers on the coronal brain section represent distance from Bregma.
Panel B shows a schematic of the subcellular fractionation procedure, as
described in Material and Methods (adopted from Dunah and Standaert,
2001). The H and LP1 fractions were used for western blot analysis. Panel C
shows representative immunoblots from nucleus accumbens tissue
characterizing the content of each fraction. The membrane was probed with
markers for presynaptic vesicles (synaptophysin), Golgi apparatus (GM 130),
endoplasmic reticulum (calnexin), and postsynaptic density (PSD 95). The H
fraction contains all of the probed subcellular compartment markers while the
LP1 fraction is highly enriched in PSD 95, contains lesser amounts of
synaptophysin, trace amounts of calnexin, and is devoid of GM 130.
Figure 2S. Cocaine and saline self-administration in Home, Box and
Extinction rats used for protein analysis. Data represent the number of
infusions acquired by rats subsequently assigned to the Home, Box, and
Extinction post-SA conditions across the 14-day test period during which
cocaine (Coc) or saline (Sal) infusions were available during daily 6-h selfadministration sessions. No differences in saline or cocaine self-administration
were observed between rats assigned to the various post-SA conditions.
Figure 3S. Effects of post-SA conditions on cocaine-seeking behavior. Data
represent the number of infusions acquired during the 6-h sessions on the
final day of self-administration (SA), across a 9-day post-SA period and
during a test session conducted after post-SA period in rats allowed to remain
in the home cage with no further treatment (Home), rats exposed daily to the
self-administration chambers in absence of exposed levers or other cocaineassociated cues (Box) and rats engaged in daily extinction training
(Extinction). Cocaine-seeking behavior was significantly reduced in Extinction
rats compared to rats exposed to Home or Box conditions (**p<0.0001 vs.
Home and Box) and was significantly lower in rats exposed to Box conditions
compared to rats exposed to Home conditions (*p=0.026).
Figure 4S. Tissue and postsynaptic density (synaptosomal membrane
fraction) levels of Homer1b/c protein after cocaine self-administration and
Home, Box, and Extinction treatments. See Figure 1 legend for details. The
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tissue and PSD levels of Homer1b/c protein were not changed following any
post-SA treatment.
Figure 5S. Tissue and postsynaptic density (synaptosomal membrane
fraction) levels of PICK1 protein after cocaine self-administration and Home,
Box, and Extinction treatments. See Figure 1 legend for details. The tissue
and PSD levels of PICK1 protein were significantly increased in Box group in
vmPFC. Comparing cocaine self-administration groups across post-SA
conditions, there were significant differences in tissue and PSD levels of
PICK1 protein between Box and Home groups. *p<0.05 compared to
respective saline control. #p<0.05 compared to cocaine Home group.
Figure 6S. Representative protein bands from dmPFC of saline and cocaine
self-administration animals following post-SA treatments. See Methods for
description of the experimental conditions. The top panel shows results from
the tissue protein analysis (H fraction). The bottom panel shows results from
the synaptosomal membrane fraction (postsynaptic density) protein analysis
(LP1 fraction).
Figure 7S. Representative protein bands from vmPFC of saline and cocaine
self-administration animals following post-SA treatments. See Methods for
description of the experimental conditions. The top panel shows results from
the tissue protein analysis (H fraction). The bottom panel shows results from
the synaptosomal membrane fraction (postsynaptic density) protein analysis
(LP1 fraction).
Figure 8S. Representative protein bands from VTA of saline and cocaine selfadministration animals following post-SA treatments. See Methods for
description of the experimental conditions. The top panel shows results from
the tissue protein analysis (H fraction). The bottom panel shows results from
the synaptosomal membrane fraction (postsynaptic density) protein analysis
(LP1 fraction).
Anatomical dissection and biochemical subcellular fractionation
At the end of the post-SA period, Home, Box, and Extinction rats were
decapitated and brains quickly removed from the skull and placed in ice-cold
saline for one minute. The tissue was blocked and coronal slices containing
areas of interest were cut using a rat brain matrix (ASI, Warren, MI). The
medial prefrontal cortex (mPFC) was blocked between plates 6 and 11
(Bregma 5.16-3.00 mm) (paxinos and Watson, 2005). The dorsal and ventral
PFC border was set at the middle of prelimbic cortex based on previous
anatomical and functional studies (Heidbreder and Groenewegen, 2003) and
was hand dissected. The ventral tegmental area was blocked between plates
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77-85 (Bregma -5.28-6.24 mm) and was hand dissected. All tissue samples
were immediately frozen on dry ice and stored at -80 °C. The membrane
preparation and biochemical fractionation were based on methods by Dunah
and Standaert (2001) and Toda et al, (2003). A schematic of the membrane
purification procedure, adopted from Dunah and Standaert (2001), is
presented in Supplementary figure 1. The tissue was homogenized in ice-cold
TEVP buffer containing (in mM) 10 Tris-HCl, pH 7.4, 5 NaF, 1 Na3VO4, 1
EDTA, 1 EGTA, 320 sucrose, using a Dounce glass homogenizer. An aliquot of
the whole tissue Dounce homogenate (H fraction) was collected, and the
remainder was centrifuged at 1000 g to remove nuclei and large debris (P1).
The supernatant (S1) was centrifuged at 10,000 g to obtain a crude
synaptosomal fraction (P2) and subsequently was lysed hypo-osmotically for
30 min at 4 °C and centrifuged at 25,000 g to pellet a synaptosomal
membrane fraction (LP1), which is enriched in postsynaptic density. All
centrifugations were carried out at 4 °C. LP1 pellets were resuspended in
TEVP. The H and LP1 fractions were solubilized with the addition of SDS to
1% (v/v) and used for protein concentration measurement and Western Blot
Analysis. All fractions were saved and stored at -80°C.
Western blot analysis
Two independent protein analyses were performed. In the first analysis, all
saline-treated animals (n=10 per post-SA treatment group) were compared
across post-SA conditions (i.e., 8 saline samples from Post-SA treatment
conditions (2-3 samples from each Post-SA treatment) were loaded onto each
gel and the mean percent changes compared to Home samples on the same
gel were determined). This was done to identify any effects of post-SA
conditions that were independent of cocaine exposure. The second analysis
compared cocaine-treated animals (n=10) to their corresponding saline
control group (n=10) for each post-SA treatment (i.e., 3-4 samples each from
saline and cocaine treated animals were loaded onto each gel and the mean
percent change resulting from cocaine self-administration was determined
based on values for saline samples on the same gel). Due to the large
number of samples, each of the three comparisons (10 saline and 10 cocaine
for each post-SA treatment) was done separately.
Protein concentration was determined by the Lowry based DC protein
assay (Bio-Rad, Hercules, CA). Protein samples were resolved by SDS-PAGE
according to the method described by Ghasemzadeh et al., 2003. Briefly,
proteins were transferred from the gel to a polyvinyldine fluoride (PVDF)
membrane using a semi-dry transfer apparatus (Bio-Rad, Hercules, CA).
Membranes were blocked for 2 hour at room temperature (Tris-buffered
saline containing 3% non-fat dry milk) and incubated with commercially
obtained primary antibody in antibody buffer (blocking buffer containing
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Tween-20, 50 μl/100 ml) overnight at 4 °C, washed with antibody buffer, and
incubated with HRP-conjugated secondary antibody for 90 minutes at room
temperature. Membranes were washed and immunolabeling was visualized
with enhanced chemiluminescence (ECL method). Chemiluminescent images
were captured using a Kodak Image Station 4000MM. Band density was
measured using Kodak Molecular Imaging Software v4.0. Commercially
available antibodies were used to probe for the presence of proteins. The
following primary antibodies were used in this study: mouse NMDAR1
(Millipore, Cat. # 05-432, 1:3000 dilution), rabbit GluR1 (Millipore, Cat. # 07660, 1:10,000 dilution), rabbit mGluR5 (Millipore, Cat. # 06-451, 1:10,000
dilution), mouse PSD95 (Antibodies Inc., Cat. # 75-028, 1:10,000 dilution),
mouse PICK1 (Antibodies Inc., Cat. # 75-040, 1:3000 dilution), rabbit
Homer1b/c (Santa Cruz Biotech, Cat. # sc-20807, 1:3000 dilution), goat
Actin (Santa Cruz Biotech, Cat. # sc-1615, 1:10,000). The following HRPconjugated secondary antibodies were used: goat anti-rabbit IgG (Millipore,
Cat. # 12-348, 1:20,000 dilution), goat anti-mouse IgG (Millipore, Cat. # 12349, 1:20,000 dilution).
Statistics
The self-administration data (infusions/session) were evaluated using twoway ANOVA with repeated measures over sessions. Responding on test day
(infusions/session) was compared using one-way ANOVA comparing the three
post-SA treatment groups. In both cases, differences between groups were
determined using post hoc Fisher's PLSD. For analysis of cocaine
selfadministration induced alterations in protein levels under each of the three
post-SA conditions, immunoreactivity of protein samples from cocaine and
saline rats was normalized as percent change relative to the respective mean
saline control values for samples on the same gel. Normalized saline and
cocaine values were then compared separately for each post-SA condition
using Student’s t-tests. To permit comparison of cocaine-induced changes
across post-SA treatment conditions, saline self-administration effects on
protein levels determined from a separate protein analysis were initially
compared across post-SA conditions using one-way ANOVA followed by the
Fisher’s PLSD test to identify any effects of post-SA conditions that were
independent of cocaine exposure. For this analysis saline self-administration
induced protein alterations under each of the post-SA conditions were
normalized as percent change relative to the respective mean Home sample
saline values determined from the same gel. In cases where there were no
differences following saline exposure across post-SA conditions, percent
changes in protein following cocaine self-administration were compared
across post-SA conditions using one-way ANOVA, followed by post-hoc testing
using the Fisher’s PLSD test.
Statistical significance was set at p < 0.05.
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